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Abstract

The simultaneous measurements Of temperature, acrosol extinction, and Of the radiatively
active gascs by several instruments onboard the Upper Atmosphere Rescarch Satellite permit an
assessinent Of the uncertainties inthe diagnosed Stratospheric heating rat€s and in the resulting
residual circulation. In this paper, measurcinents taken by the Cryogenic Limb Array Italon
Spectrometer (CL AES) arc used to compute the circulation and to compare it agaiust values
obtained previously from the measurements obtained by the Microwave Limb Sounder (MLS).
There iS @ broad agrecment between the two sets of calculations and known biases in cither
the CLAES or MLS mcasurainents are found to be responsible for the areas of disagreement.
The inclusion Of aerosols has inproved the estimates Of the residual circulation in the lower
st ratosphere during the 1992-1993 period covered by C1. AES, but a large uncertainty in thesc
estimales IS caused by the uncertaintics in the assumed refract, ive indices for sulphuric acid

solutjons.



1 Introduction

Mecasurements acquired by the instruments onboard the Upper Atmosphere Rescarch Satellite
(UARS) have facilitated the estimation of the residual circulation at good vertical resolutionover
several scasonal cycles. In aprevious publication (Fluszkiewiczet a. 1996, hereafter referred
to as Paper 1) we have diagnosed the circulation for the September 1991 - August 1994 period
using fields of temperature and of radiatively active gases mecasured mainly by the “Microwave
Limb Sounder (MLS) onboard UA RS. In the middle and upper stratosphere, we identified several
interesting phenomena, including the semiannual and quasi -biennial oscillations in the Tropics, the
interhemispheric asymmetry inthe downward velocities between the northernand southern winters,
and the relation of these velocities to the wave forcing diagnosed as the residual inthe momentum
cquation. We also attempted to provide quantitative estimates of the circulation in the lower
stratosphere, but were hampered by the vertical range of MLS termperature measurements (which
only extend clew n to 22 hPain the Version 3 data we used) andby the knownbiasesintheozone
measurements (in particular, the low bias at 46 h1a inthe Tropics and large systematic errors at
100 hPa). In addition, while the radiative eflects of Mt. Pinatubo acrosols were assessed for a few
sclected profiles using measuremernts taken by the improved Stratospheric and Mesospheric Sound er
(ISAMS) onboard UARS, these effects were not included in the zonal-mean fields of diabatic heating,
thus leading to large uncertainties in the circulation diagnosed for the1991-1992 period.

In this paper, the residual circulation will be diagnosed using data obtained by another UA RS
instrument, the Cryogenic Limb Array Italon Spectrometer (C 1, AES). The input fields are de-
scribed in section 2. I sections 3 and 4, the diagnosed heating rates and the residual circulation
arc describ ed and compared with the results from Paper 1. Insection b, wWc discuss the effects Of

including the aerosols inthe heating calculations. A summary of the results is given in section 6.
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2 Input Data

The zonally averaged fields of temperature, temperature tendency, ozone (from blocker 9),
methane, nitrous oxide, and aerosol extinction uscdin the heating calculations have beenobtained
fromthe CLAES Version 7 Level 3A 1. files available on Compact 1 Jisc Rea d-Only Memory from
the NASA Goddard Distributed Access Archive Center (it was found inPaper] that the use of
Level 3A1. files, as opposed to mapped products,leadsto small errors nthezonal-inéan fields of
diabatic heating). The averaging periods considered are listed in‘l'able . They differ slightly from
the corresponding periods in Table 2 of Paper 1, because the periods in that paper were chosen to
be as closcto the yaw days as possible (to ensure ancar-simultaneity of the resulting quasi-global
fields) and because the door of the CLALS instrument was closed for acouple of days prior to and
after eachyaw maneuver. The CLALS fields arc augmented by the ML.S distribution of water vapor
(since CLLAES Version 7 water vapor data are not recornnended for scientific use by the instrument
team) and by the LIMS daytime distribution of NOjextended to a full scasonalcycleon the
assumption of hemispheric symmetry for the respective scason. The tropospheric COz mixing ratio
is computed by means of the expressions given by Keeling at al. (1 989) and a stratospheric CO
concentration of 346 ppinv on January 1, 1993 is assumed. Thetreatinent of tropospheric clouds,
surface a bedo,andsolar fluxes at the top of the atmosphere is described in Paper .

The primary aerosol product used inthis paper are the zonal-meandistributious of extinction
at 780 cin”* . The choice of this wavenuinber among several others at which CLALS measures
aerosol cxtinction was motivated by the results described in Mergenthaler et al. (1 995). To -
gether with the fields of temperature and water vapor, these measurements alow us to infer the
wavelength- dependent extinction and scattering cocflicients and the asymmetry paraineter a nine
UARS vertical levels equally spaced inlog-p ressure between 100 and 4 hPa, using the method

described by Grainger et al. (1 995, 1996). in section 5 we will present results describing the very




good agrcement in the aerosol optical depthsandthe resulting heating rates between C1, AES and
ISAMS (for the evaluation of the CLAESand1SAMS aerosol measurements, see Massic et a. 1996
and Lambert et a. 1996, respectively). A major uncertaintly in assessing the aerosol heating effects

is caused by the uncertainties in the refractive indices for 12504 (Grainger et a. 1995).

3 Heating Rates

The comprchensive radiative transfer model usedin the heating calculations has been been
describedin aseries of previous publications (Crisp 1986, 1989, 1 990; Santec 1 993; Santee and
Crisp 1 993; Gerstell 1 995; Gerstell et al. 1 995;Paper]). Itincludes al radiative processes known
to be important in the atmosphere, i.c., absorption, emission, and multiple scattering by gases,
clouds, and aerosols, and is well suited for studying the diflicult lower stratosphere region. The
heating calculations are performedon agrid with 61 vertical levels equally spaced inlog-prressure
between the ground and 0.01 hPa. Thisresolution is twice that of the CLALS retrievals. The
CL AES data arc linearly interpolatedin log-pressure to provide values at the finer grid resolution.
The meridional spacing in the calculations is 5°.

The heating rates (with aerosols excluded) for two solstice months are shown in Figure 1,
together with the corresponding ficlds diagnosed from M1.S data, ‘Jhere is an overall agrecment
between the two sets of calculations, at least for pressures less than | () hPa. Inparticular, both
the CL AES- and M1, S-based heating rates have regions of strong cooling inthe winter hemisphere
(with very similar magnitudes), weak cooling in the summer hemisphere, and heating in the Tropics.
There is aboutl K day! more heating inthe CLAES fields above 1 hPa, 1 K day!less heating
between 1 and 2 h ‘a, and ().5 day--" morc heating between2and 3 h} 'a. These differences are
related to the systematic differences between the CLAES andMLS Oy fields (Cunnold et al. 1996).

In addition, the systematic low bias in Cl. AES temperatures between 2 and 3 hPa (Gille et al.




1996) leads tolessIR cooling and thus enhauncednet heating in this pressure range.

Larger differences between the CLAES- and ML S-based heating fields occur inthe lower strato-
sphere. Note in particular the region of net cooling at 46 h1’a in the Tropics in the MLS field
in January and its absence in the Cl AES calculation. It was noted briefly in Paper 1 that the
net tropicalheating rates diagnosed from MI.S data decrease above 100 hPa, occasionally reaching
negative values at 46 hPa before starting to increase at higher altitudes (sec Figures 3 and12in
Paper 1). Similar behavior was noted by other researches (K. Rosenlof as quoted by Brocket al.
1995) and it has consequences for the modeling of tracers (S. Wofsy, personal communication1995).
We believe that the clip between 100 and 46 hP’a was mainly the result of the. tropical O3 values
measured by MLS being systematically too low at 46 hPa(lroidevaux et a. 1996), as it is not
present when the Oz values incasured by CLAYES are used inthe heating calculations, even when
aerosols are either present at low abundances or ignored. To illustrate this, the equatorial ozone
and heating profiles for January 1992 are shownin}igure 2. Note in particular the underestimate
in the ML S Oz mixing ratio at 46 hPa and the corresponding features inthe profiles of solar and
net heating. The inclusion of aerosols (whichare discussed ininore detail insectionb)increases
the heating rates, but dots not eliminate the 46-hPa minimumin the MI1)S-derived profile of net
heating. I'igure 2 aso suggests that until the 46-h1a problem is removed in future versions of MI.S
ozone retrieval algorithm, an approximate mcthod of eliminating its effect on the tropical heating
profiles would be to ignore the 46-hPa level andinterpolate the heating rates between 100 and 22
hPa (where the MLS-and Cl. A¥S-derived profiles are in close agreement). We also note in igure
2 the sensitivity of the IR cooling rates to the assured temnperature profile, with temperature dif-
ferences on the order of 1 K causing diflerences in the diagnosed heating rates of about 0.1 K day
(a similar sensitivity was noted previously by Olaguer et al. 1992). This is further illustrated in

Figure 3a, which shows the diflerences between the CLAES and M1S ozone and temperature fields



and between the diagnosed heating rates (without aerosols). The temperature effect is larger than
the ozone effect, but peaks at a somewhat lower altitude (56 hPa,midway between the 46 and6&
hPaCLALS retrieval levels), thus leaving MLS ozone as the primary cause of the heating minimum
at 46 hPa.In addition, CLAYS ozone nay be systematically high inthe lower stratosphere (Bailey
et a. 1996), thus leading to more solar heating. However, the differences between the M1.S and
CLAYS ficlds shown inFigure 3a may be different at other times; in particular there is evidence
that the low bias in the MIS ozone at 46 hPa diminishes with time (Froidevaux et a. 1 996), with
the corresponding decreaseinthe bias inthesolar heating (sce Figure 3b). As for temperature, it
is interesting that differences onthe order of a few Kbetween the CLATLS and National Meteoro-
logical Center (NMC) temperatures (used inthe MLS Version 3 files for p > 46 hPa)exist even

between 100 and 10 hPa where he CLAES temperatures are constrained to the NMC values (Gille

et al. 1996).

4 Residual Circulation

Pigures 4-7 and I'igurc 9 show the global distributions of the zonal wind u, the imnass-weighted
streamfunction X*, the meridional and vertical components of the residua circulation (v, w"),and
the momentuin residual, respectively. Figure 8 illustrates the variability of the input fields and of
the circulation at the equator. Themethod of calculating these fields and tile format of the figures
arc identical to thoscinPaper 1, thus alowing a direct comparison. The residual circulation is
computed from the heating fields using a streamfunction approach (Santee and Crisp 199.5), withthe
lower and upper boundary conditions (at 100 and 0.1 h¥a, respectively) introduced self-consistently
with the diagnosed heating rates. The requirement of global massbalance at each pressure level is

satisfied by solving the strecamfuclion equation to within an additive height-dependent number.




The distributions of zonal windare qualitatively similar to those presented 1 Figure 6 of
Paper 1. Wintertime westerlies arc weak in January 1992 and February 1993 asa onsequence of
stratospheric warmings (note the patch of easterlies at high northern latitudes above 1 hPain
January 1992). The final warining (the transition to summertiine easterlies) occurs in March-April
andin October-hTovellll~er in the northern andsouthern hemisphere, respectively. The symmertime
casterlies are very strong in the subtropical stratopausc region. lithe tropics, there arc some
differences between the distributions presented here and those shown in Paper 1. In particular, the
semiannual oscillation (SAQ) easterlies arc strongerin March-May 1992 (for example, inexcess of
50 ms- ! around 2 hPainMarchcompared to less than 20 m s] inPaper 1). Also, the quasi-biennial
oscillation (Q BO) westerlies at the end of 1992 aud the beginning of 1993 are muchi stronger than

in Paper 1. These stronger winds will be shown more clearly in Figure 8 below.

4.2 X*and?v*

The suminer branch of the Brewer-Dobson circulation is muchmore vigorous thaninYaper
1. In particular, the regions of positive X ™ inthe southern hemisphere inJanuary -February 1992
andin January 1993 have been greatly reduced or have disappeared completely. Reflecting more
realistic ozone mixing values used inthe heating calculations, the circulation is smoother around 46
hPain the Tropics (note in particular the absence of the sharp wedge-like patternin the northern
subtropics in March 1992). As inPaper 1, the southern brauch of the circulation intrudes into the
northern hemisphere around the stratopause in March of both years.

Among the similarities inthe distributions of v*shown here and those presentedin Paper ITof
particular note are the strong poleward winds in the winter hemispherein the stratopause region,

meridional winds of less than 0.5 m s™! throughout most of the middle and lower stratosphere,




and regions of equatorward flow around 46 hPa in the summmer (south ern) hemisphere in the two
Januaries; in January and February 1992 thercare also regions of summertime equatorward flow
around 10 hPa.The diflerences include the much weaker poleward flows inthe southern hemisphere
lower mesosphere in October-November 1992, the absence of a double-peakecl structure intheregion
of strong poleward winds in the northern hemisphere in January 1992 (with these winds being
stronger thanin Paper 1), and a generally smoother structure inthe upper stratosphere and lower

mesosphere.

The wintertime downwelling at high latitudes is strong during disturbed periods (compare
for example Jannary 1992 with January 1993), reaching magnitudes in excess of 12 min s'in
January 1992. Inthemesosphere, themaximum downward velocities in the southern hemispherein
August 1992 are larger thantheir northern counterpartsinthe two Februaries. In the stratosphere,
wintertime downward velocities are larger in the north, with the exception of the January 1993
period (when velocities are comparable to those at high southern latitudes in July 1992).1n the
lower stratosphere, velocities arc smaller than 1 mms™! during tile southern winter 1992, bus
exceed 2 mm s ! inhigh northern latitudes during the disturbed periods of January 1992 and
YFebruary 1993. During July and August 1992, the wintertime descent maximizes away from the
pole inthe lower portions of the stratosphere (note in particular the -2111111 slcontour).

Downwelling in high latitudes occurs during equinoctial inonths, but is stronger in the spring
hemisphere.  Consistent withthe persistence of a well-orga]lized polar vortex and alater final
warming in the southern hemisphere, the springtime downwelling is stronger in the south (compare
the southern latitudes in October-Noveml~er 1992 with the northern latitudes in April-March 1992;

alss0, September 1992 with March 1992 in the upper stratosphere and lower mesosphere). These




results arcin line with the findings of Paper |

Inthe summertime, high-latitude downward velocities in the stratosphere arcalways smaller
than 0.5 mm s ! and are somewhat stronger in the southern hemisphere. A's in Paper 1, upward
velocities in the summertime upper stratosphere and lower mesosphere maximize in mid-latitudes
rather thanat the pole. In fact, the high-latitude downwelling region extends all the way to 0.46
hPain the summer (southern) hemisphere during the two Februariesand in January 1 993, whereas
inPaper 1 it extended only to about 1 hPa.

In the Tropics, aregion of downwelling exists inthe upper stratosphere and lower mesosphere
during northern and southern winters, with the downward velocities being stronger during northern
win ter. This region expands downward from a level in the mesosphere between January and Febru
ary of both years and possibly between July and August 1992. Paper 1 discusses these velocities
inthe context of SAQ. As in Paper 1, large downward velocities (inexcess of 2mm s?') persist at
the tropical stratopause into March 1993 and the SAO downward velocities in March of both years
exceed thoseinSeptember1992.The upward velocities underlying the SAO dow nward velocities
are somewhat stronger than in Paper 1 (e. g., inexcess of 4 mm s? at 2 hl’a inJanuary 1993,
compared with about 3 inm S inPaper 1).

Toillustrate the tropical variability more clearly, we show inltigure 8 the equatorial time-height
scctions of temperature, ozone, zonal wind, methane, nitrous oxide,and vertical velocity. Compared
with the results shown in Figure 12 of Paper ], we notle an overall similarity in the SAO signal,
including the asymmetry in the maximum vertical velocities (both positive andnegative) between
the northern and southern winters. This asymietry may be responsible for the asymmetry between
the two SAO phases in the distributions of tracers, with both CHy and N2O negative anomalies
exhibiting lower values during May-June thanduring November-December 1992, although a quan-

titative link between the SAO inw* and in tracers has proved difficult to establish (Solomonet al.
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1986, Gille et al. 1987). As inPaper 1, the SAO upwelling during the northern winter phase in
1992 is stronger thaninl 993. Thereare aso indications of a QI10 signalin the middle andlower
stralosphere, but this signalis diflerent from its counterpart in Paper 1, with the westerlies around
10 hl'a being weaker in early 1992 and stronger al 30 hPainlate1992. The QBO-like (i.c., one that
follows the patterninu) signature in the ozone field is in opposite phase to thatinPaper 1, with
low Ogzanomalies being in phase with positive teinperature anomalies. This behavior is contrary
to expectations (1lasebe1994)and gives rise to negative vertical velocities between 10 and 30 hPa
in1992. These negative velocities are underlain by the large upwelling (in excess of 0.5 nun s1)

caused by Mt.¥Yinatubo aerosols (sce discussion in section 5).

44 Momentum residual

The values of the residual at mid-and high latitudes aresimilar to those in Paper 1, but exhibit
a somewhat sinoother structure, consistent with the smoother structure inthe diagnosed v™ ficld.
As inPaper 1, the largest values of the residual are found a high northern latitudes in January
1992 (mmorethan30 m s~ ! day” ! at the stratopause). The values of the residual in tile upper
stratosphere and lower mesosphere are sinaller during the Southern winter of 1992 than during tile
two northern winters, but, they increase as the season progresses from early to late winter and in
Scptember 1992 are larger than their northern counterparts (however, the situation is reversed in
themiddleand lower stratosphere). InJanuary 1993, the values of the residual are similar to those
diagnosed by Rosenlof (1 995) (see her }igure 7), who used a diflerent radiation code with M1.S
ozone and United Kingdom Meteorological Oflice temnperatures as input. For example, our values
around 1 hPain the mnorthern hemisphere are between 15 and 20 m s~ ! day ! compared with

-1

Rosenlof’s 15 m s™ ! clay™’; note also the presence in both studies of arcgion of positive residual

around 4 hPa at high northern latitudes and the positive values inthe southern hemispherc at the

11




siratopausc and around 46 hPa.

5 Aerosol Heating

Following the eruption of Mt. Pinatubo in June 1991, there was a period of significantly
enhanced aerosol concentrations in the stratosphere. The radiative heating effects of Pinatubo
acrosols were computed inPaper 1 for a few sclected ISAMS profiles spanning a range-of latitudes
andtimes. It was found, inagreement with previous studies, that the maineffectis inthe thermal
infrared, where the cooling rates become less negative (by up to 0.5 K day!) due to the absorption
of theupwelling radiation from the warm troposphere. Incontrast, the solar heating effects were
muchsmaller (less than 0.1 K day’ ') asa result of the very small absorptivity inthevisible part
of thespect rum for the assumed pure sulphate composition. However, the magnitude of aerosol
heating in Paper1 was different from the values obtainedin other studies. lor example, the
maximuin thermal heating effect was alin ost twice as large as that presentedin ‘Jable 2 of Kinne
etal. (1 992) andinFigure 5 of Kinnison et a. (1 994) for Mt.Pinatu bo, but both the solar and
the thermal aerosol heating rates from Paper] were significantly smaller thanthe values shown in
Figure 1 of Gerstellet al.(1995) (the latter studied the period following the eruption of }1Chichén
using the samne radiation code as used here). The reason for these discrepancies are the different
vertical profiles of acrosol extinction assumed in these studies. BothKinne et al. and Gerstell et
al. used the observed (and comparable) column optical depths and distributed themin the vertical
assuming a constant (height-i ndependent) and a Gaussian distribution, respectively. In Figure 10.
we show that for the same assumed total optical depth, the shape of the profile has a dominant
eflect on the magnitude of the heating (siinply because a more peaked vertical distribution of
acrosol extinction gives rise to a more peaked distribution of the heating). The effect of the vertical

location of tile extinction peak issmaller, thus demonstrating little shielding influence of ozone
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or other gases. These results demonstrate the importance of an accurate knowledge of the acrosol
vertical profiles in the heating calculations and the advantage provided in this regard by the acrosol
measurements carried out by the UARS instruments. As shown in Figure 11, the lat ter agree among
themselves to a remarkable degree and this gives us an additional rcason to be confident in the
magnitude of the aerosol heating effects we calculate.

The global acrosol heating effects are shown in Iigure 12, This figure demonstrates that a
arge uncertainty inevaluatingthese effects is caused by the uncertainties inthe assumed refractive
ndices for sulphuric acid solutions. Iuthe current study, values of the hinaginary component of
the refractive index measured by Palmer and Williamns (1 975) have been normalized to the more
accurate mecasurements of Rernsberg et a. (1974). The original Paliner and Williams values give
more absorptionshortward of 12 pun, increasing the net aerosol heating by more than 0.2 K day ',
with significant heating cvenin the solar part of the spectrum (at wavelengths longer than 2.7 pm).

The time series of the acrosol-ind uced heating and upwelling at the equator is showninIigure
13. The aerosol effects diminish with tine due to particle sedimentation and latitudinal spreading,
hut remainsignificant into 1993, The enhanced agrosol heating at 100 hPa is caused by the presence
of tropospheric clouds, whicharenot distinguished from the sulphate aerosol in C1LALS Version 7
data.

Pinally, in Figure 14 we present the seasonally-averaged vertical velocity at 100 hPa, which is
used to derive the values for the extratropical inass fluxes shown in Table 2. Compared with the
results presented in Paper 1 (Iigure 5 and Table 3, respectively), the extratropical downwelling
is much stronger at al scasons in both hemispheres; note in particular the large (more than 0.7
mm s? ) downward velocitics during southern winter (in fact, inaximum velocities during southern
winter exceed those during northern winter). A pec uliarity of Paper 1 were the small mass fluxes

computed in the summer hemisphere, in line with the results obtained by Rosenlof (] 995) (see the
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numbers for the 70-hPalevel in her ~'able 1; wec assume that the values at 100 hl’a would be roughly
30% larger). These fluxes are much larger now, c.g., the southern hemisphere flux during December-
January-Tebruary has increased from 14 to 37-46 x 108 kg S-*. The differences arc related to the
differences in the CLAES and NMC temperature fields, as the diagnosed circulation is very sensitive
to evensmall temperature differences (see Figure 3 above). The inclusion of aerosols has a smaller
effect on the mass fluxes. Somewhat surprisingly, the mass fluxes for thenorthernwinter are only
slightly larger than for the southern winter, contrary to the results obtainedin earlier studies(Yaug
andTung 1996 and references therein), which indicated a much greater contrast (almost a factor of
2) between the two hemispheres. A robust feature of thisstudy, consistent with the results obtained
by Rosenlof (19%5), is the latitudinal extent of the “extratropics” with the region of negative w*
extending to lower latitudes inthe winter compared with the summer hemisphere and during the

southern summer compared with the northernsummer.

6 Summary

The gross features in the fields of diabatic heating and of the associated residual circulation
diagnosed from Cl. ABS measurements are remarkably similar to the ficlds diagnosed using MLS
data asinput.In particular, both sets of calculations demonstrate the semiannua oscillation (SAO)
inthe tropicalupper stratosphere and lower nesospliere, with vertical velocities during the northerp
winter phase being stronger than the velocities during the southern winter period. Stronger SAO
velocities arc diagnosed for the northern winter of 1992 than for thenorthernwinter of 1993. The
SAO velocities inthe upper stratosphere arc somewhat stronger inthe C1. AYS-derived fields, as
a result of larger diagnosed heating rates (caused by biases inthe C1. AX S ozone and temperature
measurements). The CL AES-derived fields arc smoother above the stratopause, mainly because

the M1.S temperature gradients above 1 hPa arc too steep. Apart from that region, the two fields
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agree even quantitatively at pressures less than 10 hPa.

Large disagreements between the CLATS- and ML S-derived circulations occur in the lower
stratosphere. Theminimuminthe vertical velocity at 46 hPain the Tropics diagnosed from MIS
data is not present in the CI. A1S-based fields; instead there is tropical downwelling between 10
and 3(1 hPainecarly 1992. This downwelling is caused by low values of ozonemeasured by CLALS.
The circulation in the lower stratosphere iS quite sensitive to the assumed temnperature fields,
withtemperature differences onthe order of 1K causing differences of about 0.1 K day'in the
diagnosed heating rates. As aresult of small diflerencesin temperature between CILAYS and NMC,
the extratropical mass fluxes aremuch larger in the CLAES circulation.

The most important improvement inthe circulation diagnosed from CLALS datais the inclusion
of the effects of Mt. Pinatubo aerosols. The aerosol heating is very sensitive to the assumed vertical
profile of aerosol extinctionandthe global acrosol measurements by the UARS iustruinents lead to
more redlistic estimates oOf this heating. }lom'ever, theuncertainties inthe assumed refractive indices
for H,S04-11,0 solutions continue to be a major source of uncertainty in these estimates. CLARS
measurements indicate that aerosol heating was significant as late as carly 1993. Preliminary results
from the Caltech/JPL two-dimensional model suggest that the inclusion of the aerosol contribution
to net heating improves simulations of total Ozone (Yuk Yung, personal communication 1996),
although a completely satisfactory simulation of total ozone based on UARS data is not possible,
given the sensitivity of the coluinn ozone to the circulation in the 100-300 hParegion and the
restriction of UARS data to pressures less than 100 hPa.

Clearly, the estimates of the residual circulationare still fraught with large uncertainties, but
with theadvent of UA RS mncasurements these uncertainties arc being reduced. luture work in this

area using improved versions of UA RS retrieval algorithins is planned.
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‘J'able 1

Averaging Periods for Radiative Heating and Residual Circulation Calculations.

Yaw label Averaging Periods (South- & North-viewing)
4 1 Jail 92 January 15-22 & January 6-13, 1992
51 leb 92 February &13 & Iebruary 15-22, 1992
G | Mar 92 March 24-31 & March 15-22, 1992
7| A-M 92 April 23-3(1 & May 2-9, 1992
8| M-J92 June 15-22 & May 24-31, 1992
9 Jul 92 July 5-1? & July 18-25, 1992

10 | Aug 92 August 14-21& August 5-12, 1992
11| Sep 92 September1 3-20 & Septeinber 22-29, 1 992
12 | O-N 92 October 30- November 6 & October 21-28, 1992
13 | N-D 92 | November 21-28 & November 30- December 6, 1992
14 | Jan 93 January 10-17 & January 1-8, 1993
15| Yeb 93 February 1-8 & February 10-17, 1993
16 | Mar 93 March 20-27 & March 11-18, 1993
17 | A-M 93 April 21-25 & April 27- May 4, 1993




Table 2

Extratropical Downward Mass I'lux at 100 hPa (in10% kg s~1)

Winter Summer

No Aer P-W/R P-W lat | NoAer P-W/R P-W lLat

NI 95 105 I 09 30 16 25 28 40

SH 85 96 101 25 37 44 46 45
Note: The averaging periods are DJI" and JJA as appropriate for the scason and hemisphere
indicated. The extratropics are defined as the region poleward of the lowest latitude at which the
vertical velocity is downward (sce Figure ]4). '1'his latitude is given in the “], a” column. “No Aer”
is the estimate without aerosols, whereas “I-W/}{" and “P-W “refer to the estimates with acrosals,
assuming the normalized and the original Palmer and Williams refractive indices for sulphuric acid,

respectively.
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Figurc captions

Figure 1. Heating rates for January 1992 and July 1992 (Yaws #/ 4 and 9 inTable 1 ) diagnosed

from CLALS and MLS data. The acrosols are not included.

Iigure 2. (@) Os mixing ratio measured by CLAYS (solid line)and MLS (dotted line). The values
arc given along thetop axis. The dashed line is the difference between the CLALS and MLS
temperatures, with values given along the bottom axis. (b)-(c) Heating rates derived from:
CLAYES without acrosols (solid lines), CLALS with acrosols (dashed lines), MLS without
acrosols (dotted lines), and MLS with1ISAMS aerosols (dash-dotted lines). All profiles are

zonal averages at the equator for the January 1992 period (Yaw #/ 4 in Table1).

Pigure 3. The differences in the ozone mixing ratio and temperatu re measured by the CL AE S and
MILS instruments andinthe derived solar heating and IR cooling rates. “T'he distributions

are for (@) January 1992 and (b) July 1992.The aerosols are not included.
Iigure 4. Latitude-height sections of the zonal wind .

Figure 5. Latitude-hcight sections of the mass-weighted streamfunction X* (in units of 10? kg
s1). The contour interval is 0.2 and 1.0 for absolute values lower and greater than 2.0,

respectively. The zero-line is thicker andshading denotes arcas of counterclockwise flow.
Figure 6. Latitude-height sections of themeridionalcomponent of the residual circulation »”
Figure 7. Latitude-height sections of the vertical component of tile residual circulationw™.

Figure 8. Xonally-averaged equatorial time-height sections of (@) temperature, (b) ozone, (c) zounal
wind, (d) methane, (¢) nitrous oxide, and (f) w=. In panels (a), (b), (d), and (¢) the time

mean has been taken out. Vertical lines indicate year boundaries.
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Figure 9. Latitude-height sections of the momentum residual

Figure lo. The effect of the vertical extinction profile on aerosol heating. All profiles have the
samecolumn optical depth of 0.25andthe background atmosphereis the same as in Figure 1
of Gerstellet d. (1995). Blue line: the Gaussian profile used by Gerstellet a. intheir Figure
1.Greenline:the same profile shifted 2 kinto lower altitudes. Yellow’ line: a Gaussian profile

with a larger half-width. Red line: extinction profile constant with height (as in Kinne et a,

1992).

Figure 11. Fxtinction profiles and excess aerosol heating derived from co-located CLAES and

ISAMS mecasurcments.

Figure 12. The effect of the assumed refractive indices for H,504-1,0 solutions on the computed
aerosol heating rates. The distributions shown are the differences between the case with and
without aerosols for the atmosphere characterized by the CLAY.S measurements during the

January 1992 period (Yaw # 4 inTable 1).
Figure 13. Radiative effects of Mt. Pinatubo aerosols at tile equator

I'igure 14. Residual vertical velocity at 100 hPa. Solid line: September-October-November (the
average for the yaws # 11, 12, 13), dashed line: 1)ecember-January-Yebruary (Yyaws# 4, 5,14)
dotted line: March-April-May (yaws # 6, 7, 16, 17), daslled-dotted line: June-July- August

(yaws # 8, 9, 10). Sce ‘I'able 1 for a list of yaws and their averaging periods.
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